We review recent experimental results on direct CP violation. The hot topic is a measurement in charmless two-body decays of B 0 , B + . In connection to this the first analogous measurements in B 0 s and Λ 0 b decays are now available. Furthermore first evidence for direct CP violation in B + decays is obtained from Dalitz plot analyzes of the K + π − π + final state at B-factories. The last group of discussed results probes the b → ccd transition in attempt to resolve the discrepancy between Belle and BABAR experiments in CP violation in the B 0 → D + D − decays.
Introduction
Measurements of the direct CP violation form an important test of the CKM mechanism of CP violation in the standard model. In addition it provides a window for searches for new physics beyond the standard model. Direct CP violation is a decay property, where the amplitudes for the processes B → f and B → f are different. Experimentally it manifests as the difference in the decay widths of the two charge conjugated states. In the case of decays to the flavor eigenstates, the experimental observable is the time integrated asymmetry
For decays to a common final state one has to disentangle the CP violation induced by the mixing from the direct CP violation. This requires a study of the time dependent asymmetry A CP (t) = dΓ/dt(B → f ) − dΓ/dt(B → f ) dΓ/dt(B → f ) + dΓ/dt(B → f ) = S sin ∆mt + A cos ∆mt, where ∆m is the mixing frequency, S is the CP violation in the interference of the decays with and without mixing, and A is the direct CP violation.
To have an observable direct CP violation, at least two interfering amplitudes with different weak and strong phases are required. In case of the two amplitudes A 1 and A 2 with relative weak phase φ and relative strong phase δ the decay widths are Γ(B → f ) ∝ |A 1 + A 2 e iφ e iδ | 2 Γ(B → f ) ∝ |A 1 + A 2 e −iφ e iδ | 2 .
With some algebra one can easily see that the asymmetry is
A CP ∝ sin φ sin δ.
The necessary condition for an observable direct CP violation is to have both the relative weak phase as well as the relative strong phase different from 0 or π.
The direct CP violation is rather well understood theoretically, but difficult to predict. The difficulty comes from the fact that A CP depends not only on the weak phase, but also on the strong phase, which involves non-perturbative long distance effects and it is this part, which makes predictions difficult.
The importance of the direct CP violation is manifold. It is crucial for determining the angle γ of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In addition it can provide useful tests of the theoretical tools as well as tests of the CKM mechanism of CP violation. It also has potential for the discovery of physics beyond the standard model. The best decays for searches of new physics are those, which are dominated by a single CKM phase. Observation of the direct CP violation in such decays would imply the presence of a second amplitude and thus evidence for new physics.
In this paper we review recent experimental results on direct CP violation. We start in section 2 with the charmless two-body decays of B 0 , B + , B 0 s , and Λ 0 b . In section 3 we discuss the first evidence for direct CP violation in B + → K + π − π + decays. Section 4 reviews measurements in the b → ccd transition with section 5 focusing on B + → J/ψK + decays.
Charmless two body b-hadron decays
Direct CP violation is most thoroughly studied in b-hadron decays to charmless two body final states. Several dozens of different decays are already studied experimentally. In Fig. 1 we show a summary of the most precise measurements in decays to a flavor specific final state [1] .
2.1.
The CP violation in the decay B 0 → K + π − is the only direct CP violation, which has been observed in a single experiment with more than 5 standard deviations. Together with results in the decay
this generated a considerable amount of interest. In Figure 1 : Summary of the most precise measurements of direct CP violation in charmless two body decays of the B + and B 0 mesons to a flavor specific final state [1] .
the case of B + → K + π 0 , two measurements are available. The Belle experiment [2] used 535 million BB pairs and measures
The BABAR experiment [3] , using 383 million BB pairs, measures in the decay
Averaging those two measurements yields
A CP = 0.05 ± 0.025.
Both experiments use thier sample also to measure the direct CP asymmetry in the B 0 → K + π − decay. Belle obtains [2] A CP = −0.094 ± 0.018 ± 0.008 with a significance of 4.8 standard deviations. BABAR measures [4] A CP = −0.107 ± 0.018
with a significance of 5.5 standard deviations. Two other measurements exist for the B 0 → K + π − decay. The CLEO experiment measures [5] A CP = −0.040 ± 0.160 ± 0.020 and the CDF experiment, using 1 fb −1 of pp collisions, measures [6] A CP = −0.086 ± 0.023 ± 0.009, which has a significance of 3.5 standard deviations. Averaging the four mentioned measurements one obtains A CP = −0.097 ± 0.012. In Fig. 2 we show a graphical summary of the measurements. In both decays, all measurements are consistent with each other. What is clearly different is the direct CP asymmetry in B 0 and B + decays. This difference is in contradiction with the naïve expectation that both asymmetries should be the same. In Fig. 3 Feynman diagrams of all contributions to the given decays are shown. The contributions are tree (Fig. 3a) , penguin (Fig. 3b) , color suppressed tree (Fig. 3c) , and electroweak penguin (Fig. 3d) amplitudes. While the first two are present in both B + and B 0 decays, the other two are present only in the B + decays. The naïve expectation that the two direct CP asymmetries should be same comes from the neglection of color suppressed tree and electroweak penguin amplitudes in the case of B + decays. While the difference in CP asymmetry could be generated by a new physics contribution to the electroweak penguin amplitude [7, 8] , it is also too early to exclude that the standard model with enhanced color suppressed tree amplitude can explain the observed difference [9] . It can be concluded that while the situation is tantalizing, it is not conclusive and it is too early to claim the observation of new physics beyond the standard model.
B s →
While at the B-factories one can study only B + and B 0 mesons, the Tevatron experiments have access to all b-hadron species. One of the important outcomes is that the CDF experiment, together with the direct
. The standard model expectations vary strongly with the calculation method and generally have large uncertainties [10, 11, 12] . In the context of the standard model a relation between the amplitudes in [13, 14, 15, 16, 17] . In terms of the decay widths it has the form
This relation can be translated into a relation between the direct CP asymmetries between B 0 → K + π − and B s → K − π + decays and has the form
where B denotes the corresponding branching fraction and τ the mean lifetime. Using measured values for B, lifetimes, and
In Fig. 4 we show a typical mass distribution observed by CDF using 1 fb −1 of data in the charmless two body b-hadron decays [18] . The signal for the decay B 0 s → K − π + can be clearly separated and CDF measures
The measurement is well consistent with the expectation from equation 1. It has 2.5 standard deviations significance of being nonzero. As CDF already has about 3 fb −1 of data available for analysis, it will be interesting to watch out for an analysis update, which has the potential to provide the first evidence for direct CP violation in the B The decays of Λ 0 b to pK − and pπ − are not very well studied theoretically. Mohanta et al. [19] predict that in the standard model the CP asymmetries can reach a size of the order of 10%. On the other hand in supersymmetry models with R-parity violation the direct CP violation could be significantly suppressed [20] .
With the sample shown in Fig. 5 , CDF measures the following CP asymmetries
Both decays are still compatible with no direct CP violation, but in the case of Λ 0 b → pK − it is 2.1 standard deviations away from zero. Also both results are compatible with the expected value of direct CP violation. We can expect that at least in case of the decay Λ 0 b → pK − the next round of analysis by CDF will provide first evidence for direct CP violation in the b-baryon sector. Until then it would be welcome if the theory expectations could be refined for those decays.
Dalitz plot analysis of
Many of the measurements shown in Fig. 1 involve broad resonances. The experimental study of those requires Dalitz plot analyses to resolve the broad resonances, which are often overlapping. Several three body final states were studied by Belle and BABAR using the Dalitz plot technique. The recent results include
, which we discuss here in some detail.
The Dalitz plot analyses of B + → K + π − π + are performed by both Belle and BABAR using ≈ 380 million BB pairs. The chosen Dalitz model slightly differs between the two experiments, but the extracted branching fractions for different components are consistent. The total CP asymmetry of the decay B + → K + π − π + over the full Dalitz space is measured by Belle to be
BABAR measures the same quantity to be
The last uncertainty is due to the Dalitz model, which in case of the Belle result is included in the systematic uncertainty. In addition to the measurement over the full Dalitz plot, also measurements in different quasi-two-body final states were performed. In Fig. 6 we show the projection of the Dalitz plot fit from Belle on the invariant mass of the two pions, separately for B + and B − . The analogous distributions from BABAR are shown in Fig. 7 .
The two decays which are noteworthy are B + → ρ 0 (770)K + and 
On the other hand the same measurement by BABAR [28] resulted in
which is consistent with expectations, but inconsistent with the Belle measurement. This discrepancy and the fact that Belle measured a large CP violation prompted large interest and more work on related decays governed by the b → ccd quark level transition.
B
− decay proceeding with the same quark level transition. This decay was previously analyzed by BABAR using 231 million BB pairs [29] . In Fig. 8 
Recently Belle performed the same analysis using 657 million BB pairs [30] . The beam constrained mass distribution is shown in Fig. 9 . Using 194.2 ± 20.4 signal events the measured direct CP asymmetry is 
There is one complication in the measurement as the final state consists of two vector particles for which decays through different orbital momenta are possible. This causes that the final state is a mixture of CP -even and CP -odd final states, which needs to be taken into account.
BABAR uses 383 million BB pairs providing a signal of 617 ± 33 B 0 → D * + D * − decays [32] . Belle recently presented a measurement based on 535 million BB pairs, which provides 545 ± 29 signal events [33] . Both experiments use a cos θ tr distribution to disentangle the CP -even and CP -odd fraction on a statistical basis. θ tr is the polar angle of the pion from the D * + decay in the D * + rest frame with the z-axis being normal to the D * − decay plane and the x-axis opposite to the D * − momentum. The cos θ tr distribution together with the fit projection is shown for BABAR in Fig. 10 and for Belle in Fig. 11 The last discussed decay proceeding through the b → ccd transition is the decay B 0 → J/ψπ 0 . In this decay, the tree amplitude is Cabibbo-and colorsuppressed, thus providing a useful laboratory to test the penguin contribution from new physics beyond the standard model.
Both Belle and BABAR analyzed this decay recently. The Belle analysis is based on 535 million BB pairs which provides 290 signal events [34] . The measured direct CP asymmetry is
The analysis from BABAR is based on 466 million BB pairs which yields 184 ± 15 signal events [35] . The result for the direct CP asymmetry is 
Summary

B
+ → J/ψK + decays
The last topic to discuss is a measurement of the direct CP violation in B + → J/ψK + by DØ [36] . This decay is governed by the b → ccs transition. In the standard model tree and penguin amplitudes have a small relative weak phase. Therefore one expects a small direct CP violation on a subpercent level. On the other hand new physics contributions can enhance it to around 1% [37, 38] . The measurement of the direct CP violation in this decay can be a clean way of observing new physics, or important in constraining different models of new physics. In addition the same analysis has access to the decay B + → J/ψπ + proceeding through the b → ccd transition which allows Both asymmetries are consistent with zero as expected in the standard model. The sensitivity of the asymmetry A CP (B + → J/ψK + ) is approaching the interesting region where it can start to make constraints on new physics models.
Conclusions
The last year was very productive for experimental studies of the direct CP violation. We saw results from the BABAR, Belle, CDF and DØ experiments.
The topic which attracted the most attention in the last year is the direct CP violation in the B 0 → K + π − decay, which is most precisely measured and the only one seen in a single experiment with a significance of more than 5 standard deviations. The main point of discussions is its difference from the decay B + → K + π 0 , which could be a sign of new physics, but could also be an effect of neglected standard model amplitudes, which could be sizable. In connection to this result it will be interesting to watch out for updates of the measurement in B s → K − π + decays. The current measurement by CDF is 2.5 standard deviations from zero and consistent with the large expected direct CP violation. With the next update we could have first evidence for CP violation in the B s system.
The second important achievement in the previous year is the first analysis of the direct CP violation in the charmless two body Λ b decays from CDF. While its significance of being nonzero is only 2.1 standard deviations for the decay Λ b → pK − , the next update could result in the first evidence of the direct CP violation in the b-baryon sector.
The third important topic is the first evidence for direct CP violation in the B + sector in decays to ρK + . This is seen by both Belle and BABAR, with a chance that the asymmetry in the decay to f 0 2 (1280)K + will reach a significance of more than 3 standard deviations as well.
The last point which obtained considerable attention are decays governed by the b → ccd transition. Altogether the last year provided many exciting results in the area of direct CP violation with promises for the near future. In that we might witness the first evidence for the direct CP violation in the B s system as well as in the Λ b system.
